] was also induced by mitomycin C crosslinking in aqueous solution. The rotational correlation times observed for A-and Z-DNA were approximately consistent with dimensions determined by crystallographic and fiber diffraction analysis: the estimated rise per base pair was 2.8 A for A-DNA and 3.7 A for Z-DNA in solution. In addition, the observed limiting reduced dichroism values for A-and Z-DNA were close to the theoretical limit of -1.5, requiring a structure in which the base transition moments are effectively perpendicular to the double-helix axis. This is the result expected for any DNA double helix having dyad symmetry in which the base pairs are flat and the base transition moments lie predominantly in the short axis of the base pair and therefore close to a helix dyad axis. Only B-DNA deviates from this rule, strongly reinforcing our earlier conclusion that the base pairs in B-DNA are not flat but are propeller twisted, either statically or as a dynamic average.
Polymorphism ofDNA structure is now firmly established, with well-known variants ranging from the classical high-humidity B form (1, 2) which has 3.4 A between flat base pairs stacked nearly perpendicular to the helix axis and 10 base pairs per turn ofthe helix to the low-humidity A form (3, 4) in which there are 11 base pairs per turn and 2.6-A rise per base pair and the normal to the base plane is tilted by about 21°from the helix axis. Recently, a strikingly variant structure of poly[d(G-C)], originally observed by Pohl and Jovin (5, 6) in high-salt solution studies, was identified by crystallographic (7) (8) (9) and fiber diffraction (10) measurements as a left-handed helix having 12 base pairs per turn, a dinucleotide repeating unit, and 3.7-A rise per base pair. NMR measurements are consistent with a dinucleotide repeat (11) . Alcohol also induces structural changes in DNA, identified by circular dichroism spectra (12) (13) (14) and x-ray diffraction (15) as a B-to-A transition of natural DNA in alcohol concentration above 65%, and a B-to-Z transition ofpoly[d(G-C)] in 50-55% alcohol (6) .
Recent solution structural studies ofB-DNA have not yielded exact correspondence with the structure deduced from fiber diffraction work. Wang (16) and Rhodes and Klug (17) found 10.5-10.6 base pairs (bp) per turn, rather than the integral 10 .0 helix reaffirmed for highly hydrated fibers by Zimmerman and Pfeiffer (18) . In addition, Hogan et aL (19) found that the base pair transition moments are inclined by an average of 170 relative to the expected direction perpendicular to the helix axis. Given the predominant direction of the base transition moments along the short axis of the base pair (20) , and therefore roughly along the (necessarily perpendicular) dyad axis in a flat base pair, the simplest explanation ofthe transition moment tilt is a propeller twist of the base pair, as also deduced by Levitt (21) from energy minimization calculations. Significant propeller twisting of the base pairs was observed in a recent crystallographic analysis of a double-helical dodecanucleotide (22) , supporting the validity of the electric dichroism method.
In view of the variance between solid-state and solution structures of B-DNA, it is pertinent to ask whether there is a similar divergence for the A and Z forms. The number of base pairs per turn in these helices in solution is currently unknown; the present paper reports transient electric dichroism experiments designed to determine the base transition moment angle and rise per base pair of these important DNA structural variants in solution.
MATERIALS AND METHODS Poly[d(G-C)] fragments were obtained from partial digestion of poly[d(G-C)] by Hha I (New England BioLabs) followed by fractionation on a Sepharose 4B column. Hae III fragments of pBR322 DNA of known sequence isolated by preparative gel electrophoresis were provided by M. Mandelkern. The 203-bp lac fragment was isolated by EcoRI digestion of the plasmid pOp2O3 Wt-1 originally given to us by J. Gralla. Sonicated calf thymus DNA was isolated and fractionated on Sepharose 4B as described (19) . Nucleosomal DNA from calf thymus was prepared as described (23) . The size ofpoly[d(G-C)] and sonicated DNA fragments was determined by electrophoresis on 5% polyacrylamide gel with the Hae III fragments ofpBR322. Gel electrophoresis revealed bands about ± 10 bp wide for material fractionated on Sepharose 4B.
Ethanol solutions of DNA were prepared by adding ethanol to samples of sufficient DNA and salt concentration to provide, upon dilution, the desired ionic strength (0.5 mM) and DNA (A2 = 0.08-0.4) concentrations. BufferA (0.385 mM Tris.HCl/ 0.0385 mM Na2EDTA) was found to prevent the rotational time anomalies that we reported earlier for ionic strength 1 mM and below (19) . No (19, 25) .
Rotational relaxation times, x, were determined from the rise time of the dichroism at sufficiently low fields (5-10 kV/cm) so that r was independent of the field for monodisperse samples. Observed T values were corrected for the increased viscosity of water/alcohol mixtures by utilizing handbook values for the ratio of water viscosity to the viscosity of water/alcohol solutions.
RESULTS AND DISCUSSION The limiting Dichroism of DNA Increases in the A Form. Fig. 1 shows typical results on the field dependence of DNA dichroism in water/alcohol mixtures. The dichroism at infinite field was obtained by a least squares computer analysis which adjusts the angle a in Eq. 1 and the apparent dipole moment u in the equation given by O'Konski et aL (25) for the dependence of orientation on field when the dipole moment is independent of field. This equation fits the data within experimental error for all rod-like DNA samples when the fractional orientation (p/p..) is greater than 0.2, and it can readily be distinguished from the alternative induced dipole moment model, applicable at very low fields, in which the dipole moment is proportional to the field (19) . Apparently the induced dipole moment becomes saturated at relatively low fields, although the theoretical reasons for this behavior are still debated.
As we pointed out earlier (19) , the experimental data are not adequate to distinguish between the permanent dipole moment model, in which the potential energy of orientation U is proportional to -.uE cos6 (6 is the angle between the field E and the DNA long axis), and models in which U is proportional to -E cos26as proposed for the effect ofion flow (19) . Even though dependence of U on cos2O is more consistent with the symmetry properties of DNA, which allow it to line up in the field with equal probability for = 00 or 1800, we (24) showed the inverted spectrum characteristic ofthe Z form (data not shown). Fig. 4 shows the alcohol concentration dependence of the -reduced dichroism and reveals a transition over the range from 45% to 60% alcohol.
The Corrected Rotational Relaxation Time Increases in the B-to-Z Transition. Fig. 4 shows that; unlike the B-to-A transition, the B-to-Z transition results in an increase in r by about 20%. We were not able to extend measurements of T appreciably beyond 55% alcohol because we found a dramatic increase ofT(by 1 order ofmagnitude), possibly reflecting an end-to-end molecular aggregation.
Calculation of the Rise per bp from the Rotational Relaxation Time. The rotational relaxation time of long cylinders depends on the third power of the length and only logarithmically on the axial ratio (26) . In principle, as shown for DNA in aqueous solution (27) , simultaneous measurement of the rotational and translational diffusion constants allows one to determine experimentally both the length and the diameter and hence to avoid any assumption except that the molecule behaves as a cylinder. However, in the present case we found that alcohol/water mixtures are not suitable for the quasielastic light scattering measurements needed for determining the translational diffusion constant: a large correlation decay characterized the solvent and obscured the effects due to added DNA. Hence, we fell back to the method we used earlier (19) , adopting the helix diameter from crystallography and fiber diffraction and calculating the rise per bp from the fit to Broersma's equation (26) . Diameters assumed were 36 A for A-DNA and 24 Afor Z- DNA, obtained by multiplying the ratio ofA or Z helix diameter to the B-DNA diameter, times 26 A, the latter being the (hydrated) helix diameter that fits our simultaneous electric dichroism/light-scattering measurements on B-DNA in solution (27) . Because of the logarithmic dependence on axial ratio, the calculated rise per bp is relatively .insensitive to the helix diameter. Fig. 5 shows the fit of rotational relaxation times for various helix lengths to Broersma's equation (26), with the rise per bp adjusted for best fit: 2.8 A for A-DNA, 3.4 A for B-DNA, and 3.7 A for Z-DNA. The result for Z-DNA is in close accord with crystallographic and fiber diffraction measurements (7-10) ; the value for A-DNA is about 0.2 A longer than found for A-DNA but about the same as determined for A-RNA (4).
Possible Effects of Molecular Flexibility. DNA molecules in the size range around 150 bp are expected to be rod-like only to a first approximation (27) (28) (29) (30) . For example, it recently was shown (27) that the apparent rise per bp of DNA fragments in that size range is about 0.2 A shorter than the value extrapolated to very short fragment size. However, the limiting rise of 3.34 ± 0.1 A obtained from that extrapolation (27) is within experimental error of the 3.4-A rise calculated from the data in Fig.  5 . This slight apparent inconsistency is due to several factors. (a) We used orientational rise times in the present experiment, rather than the field-free relaxation time as in. the earlier experiment (27) . The former are roughly 5% slower than the latter. (b) The present measurements were made at lower salt concentrations, which increases DNA stiffness. (c) The field-free decay times measured on the pulsed birefringence apparatus are more accurate because ofthe possibility ofsignal averaging. Birefringence measurements in the mixed water/alcohol solvent were not possible because ofa large background signal from the solvent. Probably the systematic factors a and b combine to produce a slight increase in the apparent rise per bp which (19) . The structural conclusion which one draws from these angles depends on where the transition moments lie within the base planes. Ac- cording to standard estimates (20) , the 260-nm ir-ir* transition moments lie predominantly along the short axis of the base pair and hence close to the helix dyad axis. Thus, if the base pairs are flat, one would expect a to be close to 900, as is observed. Notice that, if the transition moments lay along the long axis of the base pair, one would have expected a to be close to 700 for A-DNA, resulting from the extensive tilt ofthe base pairs in the A form. Because we have independent evidence from the rise per bp and the circular dichroism spectrum that the structure is indeed A form, we take the observed a of83°-90°for A-DNA as strong supporting evidence that the 260-nm transition moments lie predominantly along the base pair short axis.
The Base Pairs in A-and Z-DNAs Are Nearly Flat, in Contrast to the Propeller Twist in B-DNA. The only self-consistent conclusion to all our results is that the bases in A-and Z-DNAs have, at most, a few degrees (0-7' from the perpendicular plane) of propeller twist, whereas B-DNA in solution is characterized by an average base twist of about 170 from the perpendicular plane for each base. NMR studies of a double-helical B-DNA dodecamer also support extensive propeller twisting of the bases in solution (34) . Hence, the problem of the difference between solution and fiber structures of DNA apparently narrows down to the case of the B form.
Effect of Propeller Twisting or Other Physical Properties.
The conclusion that there are propeller twisted base pairs in Bform but not in A-form helices provides a tentative explanation for contrasts in the properties ofdouble-helical DNA and RNA. For example, the difference in stability between G+C-and A+U-rich RNAs is much greater than between G+C-and A+T-rich DNAs. A propeller-twisted structure emphasizes stacking interactions at the expense of H-bonding (2) and therefore tends to decrease the advantage of the third H-bond in G-C pairs contained in DNA. Another intriguing observation is that the thymine N3H proton chemical shift is strongly temperature dependent in double-helical DNA oligonucleotides (34, 35) in contrast to the DNA guanine N1H or the RNA uracil N3H. The A-T pair has two H bonds, and the center for the twisting motion should lie between them, causing the NIH--N hydrogen bond length to change in response to increased thermal twisting motion. On the other hand, in the G-C pair, the guanine NIH--N hydrogen bond is at the expected pivot for propeller twisting and therefore should be less temperature sensitive. 
